In this Letter we report eff icient frequency doubling of an 8.5-W, 50-kHz Nd:YAG laser beam in a bulk periodically poled KTP crystal placed outside the laser cavity. To our knowledge this is the f irst demonstration of high-repetition-rate, low-pump-energy, efficient doubling in periodically poled KTP, which demonstrates the feasibility of an extracavity, single-pass doubling scheme for this family of diode-pumped lasers. This scheme has the potential to replace the intracavity doubling conf iguration that is currently used for low-pulseenergy or cw lasers. The advantages of this scheme lie in a very simple setup with minimal accessories, simple control circuits, and more relaxed dimensional tolerances. Since there is no connection between lasing and doubling processes in this configuration, both the green problem and the incomplete extraction of the stored energy in the lasing material owing to the intracavity dynamic losses are eliminated.
The experimental setup is shown schematically in Fig. 1 . The pump laser described in Ref. 1 was a diode-pumped laser in a side-pumped configuration, operating in multiple longitudinal modes at 50 kHz with a pulse length of 120 ns and ϳ8-W average power output. Its beam quality was 1.1 and 1.3 times the diffraction limit in directions parallel and perpendicular to the diode light propagation, respectively. The laser beam was expanded with a 103 telescope and focused with a 50-cm lens to a 280-mm waist diameter ͑1͞e 2 ͒ at the crystal. In these conditions, as much as 150 mJ of pump energy with an intensity of ϳ2 MW͞cm 2 could be delivered into the crystal. Four periodic domain structures were fabricated in uncoated z-cut KTP plates measuring 0.5 mm thick and 10 mm long. An electric poling f ield was applied to a photolithographically patterned grating in which 50-nm-thick Ti strips were separated by a 1-mm-thick isolating photoresist layer.
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The deposition of the Ti f ilm was done by e-gun evaporation. The electric-f ield strength was ϳ5 kV, and its pulse duration was 0.5 to 1 ms, without any current limiting. The domain periods of 8.98, 8.99, 9.00, and 9.01 mm for the four structures were chosen to accommodate the uncertainty in calculated values based on published Sellmeier coeff icients. 4 The crystal was thermally controlled with a thermoelectric cooler.
We checked the effectiveness and homogeneity of the poling process by frequency doubling a tunable cw Ti:sapphire laser. The shapes and the FWHM of the output power curves versus grating periods are shown in Fig. 2 . The 0.2-nm FWHM that was obtained matches the calculated value and further indicates that the poling was effective along the entire length of the crystal. Figure 3 shows the doubling efficiency versus the pump intensity for the 9.01-mm grating period. Two modes of operation were investigated: doubling at constant temperature and temperature optimization for different average pump power levels. In the constant temperature mode an internal efficiency of 59% was reached at 2 MW͞cm 2 , whereas when the crystal temperature was lowered by ϳ3 ± C at the same pump intensity a doubling efficiency of 64% was obtained. An average 4.8 W of green light was obtained from a 7.5-W pump beam inside the crystal. The value of the nonlinear coefficient d 33 deduced from these experiments is 15.5 pm͞V , which is in agreement with the published value of 16.9 pm͞V 6 10%.
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To evaluate the thermal acceptance of the doubling process, we changed the crystal temperature while measuring the second-harmonic output at constant pump power. Figure 4 shows the second-harmonic output achieved as a function of crystal temperature. The FWHM value obtained from f itting the measured data points to a Gaussian curve was 3.3 6 0.06 ± C cm, similar to results published in Ref. 6 .
The same eff iciency could be reached with the other gratings after heating the crystal. Table 1 shows the temperature for optimal doubling for the four gratings. The temperature sensitivity calculated from these data is ϳ0.053 nm͞ ± C. To measure the saturation level of the doubling process, we ran the laser at 10 kHz, while the pump energy increased to 550 mJ and the spot size to 375 mm. Saturation was reached at 12 MW͞cm 2 with 75% internal doubling efficiency.
In conclusion, we have demonstrated the feasibility of using periodically poled KTP crystals for eff icient doubling of high-repetitation-rate, low-energy, diodepumped lasers. Internal conversion efficiency of 64% was achieved at a 0.15-mJ pump level with a 1-cm, uncoated sample placed externally to the laser cavity. The generated second-harmonic power and the calculated nonlinear coefficient indicate that the doubling process occurs along the entire path length and that a highly homogeneous domain structure was established in the crystal.
